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a b s t r a c t

Glycosaminoglycans reportedly play important roles in prion formation, but because of their structural
complexity, the chemical structures affecting prion formation have not been fully evaluated. Here, we
compared two types of low molecular weight heparins and found that heparinase I-sensitive structures
influenced anti-prion activity in prion-infected cells. Surface plasmon resonance analyses showed sig-
nificant binding of a representative heparinase I substrate disaccharide unit, GlcNS6S-IdoA2S, to re-
combinant prion protein (PrP) fragments, such as full-length PrP23e231 and N-terminal domain PrP23
e89, but not to PrP89e230. This binding was competitively inhibited by heparin or pentosan polysulfate,
but not by Cu2þ. These PrP binding profiles of the disaccharide unit are consistent with those previously
reported for heparin. However, synthetic compounds comprising disaccharide unit alone or its multi-
mers exhibited no anti-prion activity in prion-infected cells. Consequently, the findings suggest that the
heparin disaccharide unit that binds to the N-terminal region of PrP is a key structure, but it is insuf-
ficient for exerting anti-prion activity.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Transmissible spongiform encephalopathies or prion diseases
are fatal neurodegenerative disorders, including CreutzfeldteJakob
disease in humans and bovine spongiform encephalopathy and
scrapie in animals. These diseases are characterized by deposition
of an abnormal isoform of prion protein, which is the main
component of prion, in the central nervous system and lymphor-
eticular system [1]. Prion protein (PrP) is converted from the
normal cellular isoform to the abnormal isoform by still enigmatic
mechanism. The abnormal PrP, which has protease resistance and
detergent insolubility, is usually detected as protease-resistant PrP
(PrPres) after treatment with proteinase K in immunoblotting
ucose; GlcNS6S-IdoA2S, (2-
e4)-O-(2-O-sulfo-a-L-ido-
w molecular weight heparin;
al PrP; SPR, surface plasmon

h-ura).
analysis. The normal cellular PrP is a glycosylphosphatidylinositol-
anchored cell surface membrane protein with two N-linked
glycosylation sites.

Previous studies have suggested that glycosaminoglycans
(GAGs), which exist endogenously on the cell surface and extra-
cellular matrix, play important roles in prion formation and infec-
tion [2]. These molecules exhibit paradoxical effects in vitro. Some
researchers have proposed a facilitating action on the conversion of
normal to abnormal PrP [3e5], whereas others have suggested a
protective action against the conversion [6,7]. Conversely, GAGs
always show inhibitory activities against abnormal PrP formation
in prion-infected cells [8], presumably by blocking PrP interaction
with endogenous GAGs [9] or by decreasing the cell surface PrP
content [10]. GAGs and polyanionic glycans also effectively prolong
the incubation time of the disease in peripherally prion-infected
animal models [11,12]. Particularly, pentosan polysulfate, a highly
sulfated polysaccharide administered into the cerebral ventricles to
bypass the bloodebrain barrier [13] has been used in clinical trials
for prion disease [14,15].

Previous studies of recombinant PrP fragments or synthetic PrP
peptides have demonstrated that PrP interacts with GAGs through
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the N-terminal positive charge cluster [16] or through the three
regions that include this positive charge cluster [17]. Warner et al.
[17] reported that 2-O-sulfate groups but not 6-O-sulfate groups in
a representative GAG, heparin, are essential for interactionwith PrP.
However, the chemical structures in GAGs necessary for anti-prion
activity have not been fully evaluated. Detailed analyses of the anti-
prion active components in GAGs are difficult because GAGs are
heterogeneous in terms of composition, degree of modification,
and molecular length.

Here, using low molecular weight heparins (LMWHs) prepared
by two different methods, we show that heparinase I-sensitive
chemical structures are important for anti-prion activity in prion-
infected cells. We characterize the binding profile of a representa-
tive heparinase I substrate disaccharide unit to PrP. We also
examine whether synthetic compounds composed of this disac-
charide unit have sufficient anti-prion activity in prion-infected
cells and discuss the significance of the disaccharide unit in anti-
prion activity.

2. Materials and methods

2.1. Preparation of LMWHs and fractionation

LMWHswere prepared by depolymerization of porcine mucosal
heparin (Nacalai Tesque Inc., Kyoto, Japan) and subsequent frac-
tionation according to molecular weight using gel permeation
chromatography (GPC; Sephadex G-50; Pharmacia, Uppsala, Swe-
den) as previously described [18]. Two methods for depolymer-
ization were used: heparinase I digestion [19] and NaIO4 treatment
[20]. The molecular weight of LMWHswas estimated using heparin
oligosaccharide standards of known molecular weight by
GPCehigh performance liquid chromatography (HPLC) on an
analytical column (Asahipak GFA-3000; Asahi Chemical Ind. Co.
Ltd., Osaka, Japan) in 200 mM phosphate buffer (pH 7.0) containing
0.3 M sodium chloride. Fractionated heparins were subjected to
unsaturated disaccharide analysis according to the method re-
ported by Yoshida et al. [21].

2.2. Anti-prion activity assay in cell culture

Mouse neuroblastoma cells that had been infected persistently
with the RML prion strain (ScN2a cells) were used as a cellular
model of prion infection [22]. The anti-prion activity of study
compounds was measured by assaying the content of PrPres in
ScN2a cells that were treated with the compounds for 3 days, using
immunoblotting as previously described [23e25]. PrP was detected
using a monoclonal antibody, SAF83, which recognizes residues
126e164 of PrP (1:5000; SPI-Bio, Massy, France). The toxicity of
each compound was assessed based on the cell growth rate.

2.3. Preparation of sugar chain-immobilized chips (sugar chips)

GlcNS6S-IdoA2S-Glc was prepared and conjugated with a
monovalent linker molecule to prepare a ligand-conjugate for the
immobilization of GlcNS6S-IdoA2S on gold-coated chips, as previ-
ously described [26]. The sugar chips were stored under refrigera-
tion until use.

2.4. Recombinant mouse PrP fragments

The production, purification, and characterization of mouse re-
combinant PrPs were performed as previously described [27,28],
with somemodifications. Briefly, PrP23e231 was precipitated from
the solubilized inclusion body extract by dialysis against TN buffer
(20 mM Tris [pH 7.5], 300 mM NaCl). The precipitant was
resolubilized in 6 M urea-containing TN buffer, and then it was
affinity purified using an Ni-NTA column (Qiagen Inc., Venlo,
Netherlands) and dialyzed against 20 mM sodium acetate (pH 5.0).
PrP23e89 was affinity purified from the solubilized inclusion body
extract using the Ni-NTA column (Qiagen Inc.). Next, it was frac-
tionated by RPeHPLC (10 � 250 mm, C18; Nacalai Tesque Inc.) and
lyophilized. For PrP89e230 purification, the solubilized inclusion
body extract was dialyzed against water containing 0.1% formic
acid. Next, PrP89e230was fractionated by RPeHPLC (10� 250mm,
C4; Nacalai Tesque Inc.) and lyophilized.

2.5. Measurement of PrP binding to GlcNS6S-IdoA2S

Surface plasmon resonance (SPR) sensorgrams were recorded as
previously described [29,30] using an SPR biosensor instrument
(Nanosensor; Moritex Corp., Yokohama, Japan) equipped with a
sugar chip as described above. Binding of PrP was detected as the
difference in the resonance angle. For a competition study of PrP
binding, PrP23e231 was preincubated with heparin or pentosan
polysulfate before being loaded onto the sugar chip.

2.6. Compounds containing GlcNS6S-IdoA2S

Compounds containing the GlcNS6S-IdoA2S disaccharide unit
alone or its multimers were synthesized at SUDx-Biotec Co.
(Kagoshima, Japan) using the building block of GlcNS6S-IdoA2S
disaccharide, as previously described [31,32].

3. Results

3.1. Anti-prion activity in prion-infected cells

LMWHs with molecular weights of 10,500, 7000, and 2400
(corresponding to 15, 10, and 4 disaccharide units, respectively)
were prepared using two depolymerization methods and subse-
quent size fractionation. They were analyzed for anti-prion activity
using ScN2a cells and were compared mutually. Depolymerization
using heparinase I specifically disrupts the disaccharides
GlcNS(±6S)-IdoA2S, especially GlcNS6S-IdoA2S [33,34]. GlcNS6S-
IdoA2S is more susceptibly disrupted than GlcNS-IdoA2S because
6-O-sulfation of GlcNS6S enhances enzyme activity. However,
depolymerization by NaIO4 treatment, which selectively cleaves
1,2-diols, retains the disaccharide structure GlcNS6S-IdoA2S
(Fig. 1A).

Although the disaccharide unit GlcNS6S-IdoA2S is not traceable
by unsaturated disaccharide analysis, the difference between
heparinase I- and NaIO4-depolymerized LMWHs was reasonably
demonstrated in the data for unsaturated disaccharide analysis
(Table 1). Particularly, in smaller LMWHs (7000 and 2400), depo-
lymerization with NaIO4 reduced the content ratio of IdoA-sugar
disaccharides (DDiHS-0S, -6S, and -diS1 in Table 1), and depoly-
merization with heparinase I dramatically reduced the content
ratio of tri-sulfonated disaccharides such as IdoA2S-GlcNS6S and
GlcA2S-GlcNS6S (DDiHS-triS in Table 1).

The NaIO4-depolymerized LMWHs inhibited the formation of
abnormal PrP (PrPres) by 50% at 0.2e0.6 mg/mL (Fig.1B). In contrast,
heparinase I-depolymerized LMWHs with molecular weights of
7000 and 2400 did not inhibit the formation of abnormal PrP, even
at much higher concentrations (Fig. 1C). Although heparinase I-
depolymerized LMWH with a molecular weight of 10,500 showed
similar anti-prion activity to the NaIO4-depolymerized LMWH of
the same molecular weight (Fig. 1D), heparinase I digestion of the
NaIO4-depolymerized LMWH resulted in an obvious reduction in
anti-prion activity to a level similar to that observed on heparinase I
digestion of the original non-depolymerized heparin sample



Fig. 1. Comparison of anti-prion activities of low molecular weight heparins (LMWHs) prepared using two depolymerization methods and subsequent molecular weight frac-
tionation. (A) Chemical structures of heparin, the GlcNS6S-IdoA2S disaccharide unit, and depolymerized products. Representative substrate for depolymerization with NaIO4 or
heparinase I is shown. (BeE) Immunoblot analyses of protease-resistant abnormal prion protein (PrPres) in prion-infected ScN2a cells treated with LMWHs. ScN2a cells were
incubated at concentrations shown at the top of the blots. Graphic data are averages and standard deviations for triplicate immunoblot signals. (B) ScN2a cells treated with NaIO4-
depolymerized LMWHs, (C) ScN2a cells treated with heparinase I-depolymerized LMWHs, (D) ScN2a cells treated with a larger-size NaIO4-depolymerized LMWH or heparinase I-
depolymerized LMWH, (E) ScN2a cells treated with either non-depolymerized heparin or NaIO4-depolymerized LMWHs that had been digested or non-digested with heparinase I.
Molecular size markers in the left side of the immunoblots are shown in kilodaltons. b-actin signals are shown as controls for the integrity of samples used for PrPres assay. The “c”
denotes the control treated with heparinase I digestion buffer.
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(Fig. 1E). These results suggest that heparinase I-sensitive chemical
structures play a central role in anti-prion activity.

3.2. Binding of PrP23e231 to GlcNS6S-IdoA2S

In further studies, we focused on GlcNS6S-IdoA2S rather than
GlcNS-IdoA2S for three reasons: GlcNS6S-IdoA2S is more suscep-
tibly disrupted by heparinase I than GlcNS-IdoA2S [33,34]; prion
formation is greatly influenced by sulfation density in GAGs [9,35];
and GlcNS-IdoA2S is possibly cleaved by NaIO4 treatment. The
interaction between recombinant PrP and GlcNS6S-IdoA2S was
examined by SPR using a sugar chip in which the disaccharide unit
was anchored via a spacer glucose-derived unit and a monovalent
linker unit (Fig. 2A, inset). Next, 10 mM of full length PrP23e231
solution was loaded onto the sugar chip. A typical binding satura-
tion curvewas observed (Fig. 2A). As a control experiment, a sensor
chip bearing only the linker generated no significant signal for
binding with PrP23e231 (data not shown), indicating that the non-
specific binding of PrP23e231 to the sensor chip was below the
detection limit of this system.

After reaction of PrP23e231 solution with the sugar chip, the
unbound material was washed out thoroughly and tryptic diges-
tion of bound material on the sugar chip was performed. This
treatment reduced the sensorgram intensity and released digested
peptide fragments from the chip, corresponding to PrP25e37,
38e48, 148e155, 194e203, 220e228, and 220e229, as



Table 1
Unsaturated disaccharide analysis data of LMWHs.

Molecular weight Heparinase I-depolymerized
LMWHs

NaIO4-depolymerized
LMWHs

10,500 7000 2400 10,500 7000 2400

DDiHS-0S (%) 3.3 22 17 0 0 0
DDiHS-6S (%) 21 23 20 0 0 0
DDiHS-NS (%) 1.6 0 0 7.3 3.4 2.8
DDiHS-diS1 (%) 5.3 18 21 11 0 0.2
DDiHS-diS2 (%) 7.1 10 11 11 7.4 6.6
DDiHS-triS (%) 62 27 32 71 89 90

DDiHS-0S, 2-acetamido-2-deoxy-4-O-(4-deoxy-a-L-threo-hex-enopyranosyluronic
acid)-D-glucose.
DDiHS-6S, 2-acetamido-2-deoxy-4-O-(4-deoxy-a-L-threo-hex-enopyranosyluronic
acid)-6-O-sulfo-D-glucose.
DDiHS-NS, 2-deoxy-2-sulfamino-4-O-(4-deoxy-a-L-threo-hex-4-enopyranosyluro
nic acid)-D-glucose.
DDiHS-diS1, 2-acetamido-2-deoxy-2-sulfamino-
(4-deoxy-a-L-threo-hex-4-enopyranosyluronic acid)-6-O-sulfo-D-glucose.
DDiHS-diS2, 2-deoxy-2-sulfamino-(4-deoxy-2-O-sulfo-a-L-threo-hex-4-enopy
ranosyluronic acid)-D-glucose.
DDiHS-triS, 2-deoxy-2-sulfamino-(4-deoxy-2-O-sulfo-a-L-threo-hex-4-enopy
ranosyluronic acid)-6-O-sulfo-D-glucose.

Fig. 2. Binding profiles of recombinant prion protein (PrP) fragments to the sugar chip beari
bearing GlcNS6S-IdoA2S. After the binding reaction for 150 s, unbound PrP23e231 was wa
sensor chip. (B) Full length PrP23e231 (10 mM) was loaded under the designated concentrat
concentrations of heparin or pentosan polysulfate before being loaded onto the sugar ch
PrP89e230) were analyzed on the sugar chip. Concentrations of PrP fragments were 10 mM fo
(10 mM) was loaded under the designated concentrations of CuSO4.
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demonstrated by mass spectrometry (data not shown). This result
indicated that the sensorgram signal was caused specifically by
PrP23e231.

The intensities of the sensorgrams increased in accordance with
the loading concentrations of PrP23e231. Sensorgrams were
analyzed assuming a first-order equilibrium reaction between PrP
and GlcNS6S-IdoA2S. An apparent dissociation constant KD was
calculated as 9.7 ± 3.0 mM in which the kinetic constants were
0.0018 ± 0.00025 s�1 mM�1 PrP and 0.018 ± 0.0032 s�1 mM�1 PrP for
dissociation (kd) and association (ka), respectively. Under higher
salt concentrations in the binding buffer, the intensities of sensor-
grams of PrP23e231 decreased (Fig. 2B). At a concentration of
400 mM of NaCl, the sensorgram intensity decreased to 50% of that
at 140 mM.

To investigate the specificity of the interaction between
PrP23e231 and the disaccharide unit, PrP23e231 was pre-
incubated with heparin or pentosan polysulfate before loading onto
the sugar chip. The sensorgram intensities decreased in accordance
with doses of heparin or pentosan polysulfate (Fig. 2C). Either
compound at 0.80 mg/mL decreased the intensity of the sensorgram
to 50% of that without a compound.
ng GlcNS6S-IdoA2S. (A) Full length PrP23e231 (10 mM) was analyzed on the sugar chip
shed out. The inset shows the chemical structure of the sugar chain anchored to the
ions of NaCl. (C) Full length PrP23e231 (10 mM) was preincubated with the designated
ip. (D) Full length PrP23e231 and domain-truncated PrP fragments (PrP23e89 and
r PrP23e231, 10 mM for PrP23e89, and 11 mM for PrP89e230. (E) Full length PrP23e231



Fig. 3. Anti-prion activities of synthetic GlcNS6S-IdoA2S-related compounds. (A) Chemical structure of synthetic GlcNS6S-IdoA2S-related compounds. (B) Representative immu-
noblot data of PrPres in ScN2a cells treated with synthetic compounds. Cell toxicity was not observed at any indicated dosage tested here.
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3.3. PrP binding domain to GlcNS6S-IdoA2S

To determine the binding site of PrP23e231 to the disaccharide
unit, domain-truncated PrP fragments, PrP23e89 and PrP89e230,
were prepared and analyzed. PrP23e231, PrP23e89, and
PrP89e230 were loaded onto sugar chips at concentrations of 10,
10, and 11 mM, respectively. Positive binding saturation curves were
observed for PrP23e231 and PrP23e89 (Fig. 2D). However, no
significant signal for PrP89e230 binding to the disaccharide unit
was observed. These results indicate that the binding site of the
disaccharide unit is included in the PrP23e89 domain. The in-
tensities of sensorgrams increased in accordance with loading
concentrations of PrP23e89 (data not shown). Analysis of the
sensorgrams revealed values for KD, kd, and ka of 16 ± 3.0 mM,
0.060 ± 0.0054 s�1 mM�1 PrP, and 0.0038 ± 0.00040 s�1 mM�1 PrP,
respectively.

Because PrP23e89 contains an octapeptide repeat sequence
that can bind to Cu2þ [36], we examined whether Cu2þ influences
the interaction between PrP and the disaccharide unit. Addition of
Cu2þ at a concentration higher than 200 mM to the solution of
10 mMPrP23e231 caused aggregation of PrP23e231 and influenced
the sensorgrams. However, at a concentration of 100 mM or lower,
Cu2þ neither aggregated PrP23e231 nor decreased the intensities
of sensorgrams (Fig. 2E). These results indicate that Cu2þ at a
concentration range generating no aggregation of PrP23e231 does
not influence the interaction between PrP23e231 and the disac-
charide unit.

3.4. Anti-prion activity of compounds containing GlcNS6S-IdoA2S

Finally, we examined whether GlcNS6S-IdoA2S is the minimal
chemical structure necessary for anti-prion activity. Synthetic
compounds composed of this disaccharide unit alone or its multi-
mers exhibited no anti-prion activity at concentrations of 25 mg/mL
or higher (Fig. 3). In addition, these disaccharide unit-related
compounds did not competitively prevent heparin from inhibit-
ing the formation of abnormal PrP (data not shown).

4. Discussion

Heparin reportedly inhibits the formation of abnormal PrP in
prion-infected cells. However, the structural complexity of heparin
has hindered detailed structural evaluation of its anti-prion activ-
ity. Here, a different depolymerization strategy for heparin made it
feasible to explore anti-prion activity in relation to chemical
structure. We have shown that LMWHs prepared by
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depolymerization with heparinase I have much lower anti-prion
activity than those of the same molecular weight prepared by
depolymerization with NaIO4, and that heparinase I treatment
markedly reduces the anti-prion activity of heparin and LMWHs.
These results suggest that the heparinase I-specific disaccharide
unit, GlcNS6S-IdoA2S, is an important structure for the anti-prion
activity of heparin.

Compared with heparin, GlcNS6S-IdoA2S is remarkably simple
and small. Therefore, quantitative analysis of PrP interaction with
this structure was successfully conducted using a sugar chip and
SPR. The kinetic validity of the interaction was verified by the KD
value (9.7 ± 3.0 mM), which fell well within the KD value range for
general sugareprotein interactions (103 to 10�1 mM). In addition,
the specificity of the interaction of this disaccharide with PrP was
demonstrated by competitive inhibition using heparin or pentosan
polysulfate. The N-terminal PrP23e89 was responsible for inter-
action between PrP and the disaccharide unit. The KD value of
PrP23e89 was consistent with that for full-length PrP23e231 and
no significant binding signal was observed with PrP89e230. In fact,
PrP23e89 includes two distinct regions: the N-terminal positive
charge cluster and an octapeptide repeat. Interaction of PrP with
the disaccharide unit was dependent on NaCl concentration. This
suggests that complementary charge interactions, presumably be-
tween negative charges of the disaccharide unit sulfated groups
and positive charges of the PrP N-terminal positive charge cluster,
contribute to the binding.

In contrast, the octapeptide repeat of PrP might not be involved
in binding to the disaccharide unit because, here, the binding
profiles of PrP23e231 to the disaccharide unit were unaffected by
the presence of Cu2þ at a concentration range inwhich Cu2þ did not
aggregate PrP23e231. The octapeptide repeat exhibits binding
ability to metal ions, particularly Cu2þ, which affects the configu-
ration of the flexible N-terminal region [36]. Previous studies have
demonstrated PrP interaction with heparin in a Cu2þ-enhanced
fashion [16,37] or a Cu2þ-weakened fashion [17,38]. However, Pan
et al. [16] have found that an octapeptide repeat-deleted mutant
PrP also binds heparin. They also reported that PrP interacts with
heparin through the N-terminal positive charge cluster [16].
Consequently, our data on the PrP binding profiles of the disac-
charide unit are consistent with those of heparin determined by
Pan et al. [16].

Although the disaccharide unit GlcNS6S-IdoA2S plays an
important role in the anti-prion activity of heparin, the disaccha-
ride unit itself and its multimers were not sufficient to exert anti-
prion activity. Results of the present study indicate that at least a
4-saccharide unit of NaIO4-depolymerized LMWHs, in which the
disaccharide is not abolished, is necessary to exert anti-prion ac-
tivity comparable with non-depolymerized heparin. Reportedly, O-
sulfated glycopyranosides are ineffective compared with polymer-
conjugating O-sulfated glycopyranosides for exerting anti-prion
activity [39]. Therefore, additional chemical properties near a key
saccharide might be required for anti-prion activity.

Regarding structural features involved in the anti-prion potency
of heparin, a non-spherical linear conformation as well as negative
charge distribution might be necessary for anti-prion activity.
Although the GlcNS6S-IdoA2S multimers tested in the present
study were highly sulfated and had molecular sizes comparable
with LMWHs of 4 or more saccharide units, they did not exert
effective anti-prion activity, even at high doses. Because the den-
dritic distribution of highly charged disaccharide units is likely to
cause mutual isotropic repulsion, such GlcNS6S-IdoA2S multimers
tested in the present study may have had spherical conformations
but not linear conformations. In contrast, LMWHs presumably have
a helical rod-shaped conformation [40] because of both the rota-
tional restriction of anomeric linkages and charge repulsion. The
linear conformational nature of heparin might facilitate coopera-
tive binding of heparin to abnormal PrP because abnormal PrP also
has a rod-shaped fibril structure [41].

In conclusion, our results show that GlcNS6S-IdoA2S, a disac-
charide unit of heparin, is a key structure for anti-prion activity, and
that it binds to the N-terminal region of PrP. However, additional
chemical properties in the vicinity of the disaccharide units of
heparin are necessary for anti-prion activity.

Conflict of interest

None.

Acknowledgments

We thank Akiko Kirihara for preparation of the LMWHs, and
Yuka Fujiwara for technical assistance. This research was supported
by a Grant-in-Aid for Scientific Research (22390172) from the
Ministry of Education, Culture, Sports, Science and Technology of
Japan, a Health and Labour Sciences Research Grant (Research on
Measures for Intractable Diseases; H22-ippan-009) from the Min-
istry of Health, Labour and Welfare of Japan, and a grant (06-43)
from the National Institute of Biomedical Innovation, Osaka, Japan.

Transparency document

Transparency document related to this article can be found
online at http://dx.doi.org/10.1016/j.bbrc.2015.03.139.

References

[1] S.B. Prusiner, Prions, Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 13363e13383.
[2] B. Caughey, G.S. Baron, Prions and their partners in crime, Nature 443 (2006)

803e810.
[3] C. Wong, L.W. Xiong, M. Horiuchi, et al., Sulfated glycans and elevated tem-

perature stimulate PrP(Sc)-dependent cell-free formation of protease-
resistant prion protein, EMBO J. 20 (2001) 377e386.

[4] T. Yokoyama, A. Takeuchi, M. Yamamoto, et al., Heparin enhances the cell-
protein misfolding cyclic amplification efficiency of variant Creutzfeldt-
Jakob disease, Neurosci. Lett. 498 (2011) 119e123.

[5] Y. Murayama, M. Yoshioka, K. Masujin, et al., Sulfated dextrans enhance
in vitro amplification of bovine spongiform encephalopathy PrP(Sc) and
enable ultrasensitive detection of bovine PrP(Sc), PLoS One 5 (2010) e13152.

[6] T.C. Vieira, Y. Cordeiro, B. Caughey, et al., Heparin binding confers prion sta-
bility and impairs its aggregation, FASEB J. 28 (2014) 2667e2676.

[7] M. P�erez, F. Wandosell, C. Colaço, et al., Sulphated glycosaminoglycans pre-
vent the neurotoxicity of a human prion protein fragment, Biochem. J. 335
(1998) 369e374.

[8] B. Caughey, G.J. Raymond, Sulfated polyanion inhibition of scrapie-associated
PrP accumulation in cultured cells, J. Virol. 67 (1993) 643e650.

[9] B. Caughey, K. Brown, G.J. Raymond, et al., Binding of the protease-sensitive
form of PrP (prion protein) to sulfated glycosaminoglycan and congo red
[corrected], J. Virol. 68 (1994) 2135e2141.

[10] S.L. Shyng, S. Lehmann, K.L. Moulder, et al., Sulfated glycans stimulate endo-
cytosis of the cellular isoform of the prion protein, PrPC, in cultured cells,
J. Biol. Chem. 270 (1995) 30221e30229.

[11] K. Teruya, K. Kawagoe, T. Kimura, et al., Amyloidophilic compounds for prion
diseases, Infect. Disord. Drug Targets 9 (2009) 15e22.

[12] K. Doh-Ura, T. Kuge, M. Uomoto, et al., Prophylactic effect of dietary seaweed
Fucoidan against enteral prion infection, Antimicrob. Agents Chemother. 51
(2007) 2274e2277.

[13] K. Doh-ura, K. Ishikawa, I. Murakami-Kubo, et al., Treatment of transmissible
spongiform encephalopathy by intraventricular drug infusion in animal
models, J. Virol. 78 (2004) 4999e5006.

[14] N.G. Rainov, Y. Tsuboi, P. Krolak-Salmon, et al., Experimental treatments for
human transmissible spongiform encephalopathies: is there a role for
pentosan polysulfate? Expert Opin. Biol. Ther. 7 (2007) 713e726.

[15] Y. Tsuboi, K. Doh-Ura, T. Yamada, Continuous intraventricular infusion of
pentosan polysulfate: clinical trial against prion diseases, Neuropathology 29
(2009) 632e636.

[16] T. Pan, B.S. Wong, T. Liu, et al., Cell-surface prion protein interacts with gly-
cosaminoglycans, Biochem. J. 368 (2002) 81e90.

[17] R.G. Warner, C. Hundt, S. Weiss, et al., Identification of the heparan sulfate
binding sites in the cellular prion protein, J. Biol. Chem. 277 (2002)
18421e18430.

http://dx.doi.org/10.1016/j.bbrc.2015.03.139
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref1
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref1
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref2
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref2
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref2
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref3
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref3
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref3
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref3
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref4
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref4
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref4
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref4
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref5
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref5
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref5
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref6
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref6
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref6
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref7
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref7
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref7
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref7
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref7
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref8
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref8
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref8
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref9
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref9
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref9
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref9
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref10
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref10
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref10
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref10
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref11
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref11
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref11
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref12
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref12
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref12
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref12
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref13
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref13
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref13
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref13
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref14
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref14
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref14
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref14
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref15
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref15
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref15
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref15
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref16
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref16
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref16
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref17
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref17
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref17
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref17


K. Teruya et al. / Biochemical and Biophysical Research Communications 460 (2015) 989e995 995
[18] Y. Suda, D. Marques, J.C. Kermode, et al., Structural characterization of
heparin's binding domain for human platelets, Thromb. Res. 69 (1993)
501e508.

[19] R.J. Linhardt, K.G. Rice, Z.M. Merchant, et al., Structure and activity of a unique
heparin-derived hexasaccharide, J. Biol. Chem. 261 (1986) 14448e14454.

[20] L.A. Fransson, I. Sj€oberg, B. Havsmark, Structural studies on heparan sulphates.
Characterization of oligosaccharides; obtained by periodate oxidation and
alkaline elimination, Eur. J. Biochem. 106 (1980) 59e69.

[21] K. Yoshida, S. Miyauchi, H. Kikuchi, et al., Analysis of unsaturated di-
saccharides from glycosaminoglycuronan by high-performance liquid chro-
matography, Anal. Biochem. 177 (1989) 327e332.

[22] R.E. Race, B. Caughey, K. Graham, et al., Analyses of frequency of infection,
specific infectivity, and prion protein biosynthesis in scrapie-infected neuro-
blastoma cell clones, J. Virol. 62 (1988) 2845e2849.

[23] K. Doh-Ura, T. Iwaki, B. Caughey, Lysosomotropic agents and cysteine protease
inhibitors inhibit scrapie-associated prion protein accumulation, J. Virol. 74
(2000) 4894e4897.

[24] K. Ishikawa, Y. Kudo, N. Nishida, et al., Styrylbenzoazole derivatives for im-
aging of prion plaques and treatment of transmissible spongiform encepha-
lopathies, J. Neurochem. 99 (2006) 198e205.

[25] K. Nishizawa, A. Oguma, M. Kawata, et al., Efficacy and mechanism of a
glycoside compound inhibiting abnormal prion protein formation in prion-
infected cells: implications of interferon and phosphodiesterase 4D-interact-
ing protein, J. Virol. 88 (2014) 4083e4099.

[26] S. Koshida, Y. Suda, M. Sobel, et al., Synthesis of oligomeric assemblies of a
platelet-binding key disaccharide in heparin and their biological activities,
Tetrahedron Lett. 42 (2001) 1289e1292.

[27] S. Hornemann, R. Glockshuber, Autonomous and reversible folding of a sol-
uble amino-terminally truncated segment of the mouse prion protein, J. Mol.
Biol. 261 (1996) 614e619.

[28] S. Hornemann, C. Korth, B. Oesch, et al., Recombinant full-length murine prion
protein, mPrP(23-231): purification and spectroscopic characterization, FEBS
Lett. 413 (1997) 277e281.

[29] Y. Suda, A. Arano, Y. Fukui, et al., Immobilization and clustering of structurally
defined oligosaccharides for sugar chips: an improved method for surface
plasmon resonance analysis of protein-carbohydrate interactions, Bioconjug.
Chem. 17 (2006) 1125e1135.

[30] S. Kawatake, Y. Nishimura, S. Sakaguchi, et al., Surface plasmon resonance
analysis for the screening of anti-prion compounds, Biol. Pharm. Bull. 29
(2006) 927e932.

[31] A. Saito, M. Wakao, H. Deguchi, et al., Towards the assembly of heparin and
heparan sulfate oligosaccharide libraries: efficient synthesis of uronic acid and
disaccharide building blocks, Tetrahedron 66 (2010) 3951e3962.

[32] P.R. Ashton, S.E. Boyd, C.L. Brown, et al., Synthesis of glycodndrimers by
modification of poly(propylene imine) dendrimers, Chem. A Eur. J. 3 (1997)
974e984.

[33] R.J. Linhardt, J.E. Turnbull, H.M. Wang, et al., Examination of the substrate
specificity of heparin and heparan sulfate lyases, Biochemistry 29 (1990)
2611e2617.

[34] U.R. Desai, H.M. Wang, R.J. Linhardt, Specificity studies on the heparin lyases
from Flavobacterium heparinum, Biochemistry 32 (1993) 8140e8145.

[35] V.A. Lawson, B. Lumicisi, J. Welton, et al., Glycosaminoglycan sulphation af-
fects the seeded misfolding of a mutant prion protein, PLoS One 5 (2010)
e12351.

[36] P. Davies, D.R. Brown, The chemistry of copper binding to PrP: is there suf-
ficient evidence to elucidate a role for copper in protein function? Biochem. J.
410 (2008) 237e244.

[37] D.B. Brimacombe, A.D. Bennett, F.S. Wusteman, et al., Characterization and
polyanion-binding properties of purified recombinant prion protein, Biochem.
J. 342 (1999) 605e613.

[38] O. Andrievskaia, Z. Potetinova, A. Balachandran, et al., Binding of bovine prion
protein to heparin: a fluorescence polarization study, Arch. Biochem. Biophys.
460 (2007) 10e16.

[39] S. Yamaguchi, Y. Nishida, K. Sasaki, et al., Inhibition of PrPSc formation by
synthetic O-sulfated glycopyranosides and their polymers, Biochem. Biophys.
Res. Commun. 349 (2006) 485e491.

[40] B. Mulloy, M.J. Forster, C. Jones, et al., N.m.r. and molecular-modelling studies
of the solution conformation of heparin, Biochem. J. 293 (1993) 849e858.

[41] T. Shirai, M. Saito, A. Kobayashi, et al., Evaluating prion models based on
comprehensive mutation data of mouse PrP, Structure 22 (2014) 560e571.

http://refhub.elsevier.com/S0006-291X(15)00605-1/sref18
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref18
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref18
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref18
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref19
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref19
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref19
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref20
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref20
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref20
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref20
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref20
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref21
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref21
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref21
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref21
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref22
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref22
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref22
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref22
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref23
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref23
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref23
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref23
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref24
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref24
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref24
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref24
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref25
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref25
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref25
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref25
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref25
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref26
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref26
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref26
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref26
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref27
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref27
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref27
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref27
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref28
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref28
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref28
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref28
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref29
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref29
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref29
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref29
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref29
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref30
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref30
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref30
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref30
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref31
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref31
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref31
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref31
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref32
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref32
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref32
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref32
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref33
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref33
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref33
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref33
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref34
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref34
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref34
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref35
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref35
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref35
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref36
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref36
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref36
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref36
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref37
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref37
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref37
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref37
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref38
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref38
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref38
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref38
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref39
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref39
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref39
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref39
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref40
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref40
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref40
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref41
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref41
http://refhub.elsevier.com/S0006-291X(15)00605-1/sref41

	Heparinase I-specific disaccharide unit of heparin is a key structure but insufficient for exerting anti-prion activity in  ...
	1. Introduction
	2. Materials and methods
	2.1. Preparation of LMWHs and fractionation
	2.2. Anti-prion activity assay in cell culture
	2.3. Preparation of sugar chain-immobilized chips (sugar chips)
	2.4. Recombinant mouse PrP fragments
	2.5. Measurement of PrP binding to GlcNS6S-IdoA2S
	2.6. Compounds containing GlcNS6S-IdoA2S

	3. Results
	3.1. Anti-prion activity in prion-infected cells
	3.2. Binding of PrP23–231 to GlcNS6S-IdoA2S
	3.3. PrP binding domain to GlcNS6S-IdoA2S
	3.4. Anti-prion activity of compounds containing GlcNS6S-IdoA2S

	4. Discussion
	Conflict of interest
	Acknowledgments
	Transparency document
	References


